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KIF21B,  a kinesin  family  (KIF)  protein,  is  a  plus  end-directed  microtubule  motor.  The KIF21B  gene  is
highly  expressed  in  neuronal  tissue  and spleen  and is a susceptibility  locus  for multiple  sclerosis.  KIF21B
motility  is regulated  through  TRIM3,  a member  of the  cytoskeleton-associated-recycling  or  transport
(CART)  complex,  involved  in vesicular  receptor  recycling.  Here  we show  that  the  GABAA receptor  2-
subunit  co-precipitates  and  co-localizes  with  KIF21B  in cultured  hippocampal  neurons.  Knockdown  of
KIF21B  gene  expression  through  small  hairpin  (sh)  RNA  reduces  the  number  of 2-subunit-containing
GABAA receptor  (GABAARs)  clusters  in neurites  and  at the  cell  surface.  Our data  suggest  that  KIF21B
participates  in  the  delivery  of  GABAAR transport  vesicles  into  dendrites.2 subunit
ytoskeleton
icrotubule
ransport
otor protein
euron
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ntroduction
Active cytoskeleton transport navigates intracellular cargo
owards speciﬁc subcellular destinations. Neurons are polar cells
hat sort mRNAs, proteins and vesicles to the axonal or somato-
endritic compartment. For long-distance delivery, molecular
argo is typically transported along microtubules, using kinesin
amily proteins (KIFs) and dyneins as motors (Hirokawa et al., 2010;
neussel, 2005). The ﬁnal steps of plasma membrane delivery or the
nitial steps of endocytosis are in addition mediated through motor
roteins of the myosin family, which transport cargo along actin ﬁl-
ments that are highly enriched at the cellular cortex underneath
he cell surface (Kneussel and Wagner, 2013).Neurotransmitter receptors are assembled and sorted at the
R-Golgi compartment and Golgi-derived transport vesicles, con-
aining receptors, undergo subsequent steps of delivery towards
he synapse. Activity-induced conditions that regulate synaptic
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http://creativecommons.org/licenses/by-nc-nd/3.0/).plasticity increase the rates of receptor delivery, internalization
and recycling and newly synthesized receptors are eventually
added into preexisting synapses (Kennedy and Ehlers, 2006).
KIFs are plus end-directed microtubule motors that participate
in neurotransmitter receptor delivery along axons and dendrites
(Hirokawa et al., 2010). KIFs have also been implicated in the local
recycling of vesicular transmembrane proteins (Hoepfner et al.,
2005). The kinesin KIF5 transports GluA2-containing AMPA recep-
tors (AMPARs) (Setou et al., 2002), GABAARs (Nakajima et al., 2012;
Twelvetrees et al., 2010) and glycine receptors (GlyRs) (Maas et al.,
2009), whereas KIF17 transports GluN2B-containing NMDA recep-
tors (NMDARs) (Setou et al., 2000) along the neurites.
KIF21B displays restricted expression in brain, eye and spleen
(Marszalek et al., 1999). In neurons, this motor is enriched in
dendrites and growth cones at neurite tips (Labonte et al., 2013;
Marszalek et al., 1999). The motility of KIF21B is regulated through
TRIM3 (Labonte et al., 2013), an E3-ligase that assembles with
the cytoskeleton-associated-recycling or transport (CART) com-
plex, involved in vesicular receptor recycling (Yan et al., 2005).
Here we  show that KIF21B colocalizes and associates with
2 subunit-containing GABAARs. Interference with KIF21B gene
expression alters the number of GABAARs at the plasma membrane.
Our data suggest that KIF21B is an alternative motor protein in the
regulation of receptor density that may  participate in GABAergic
synaptic plasticity.
le under the CC BY-NC-ND license
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aterials and methods
ntibodies
The following antibodies were used for co-
mmunoprecipitation: rabbit anti-KIF21B (Sigma, Taufkirchen,
ermany), rabbit unspeciﬁc IgG (Dianova, Hamburg, Germany),
uinea pig anti-GABAAR 2 (Synaptic Systems, Göttingen,
ermany), guinea pig unspeciﬁc IgG (Dianova, Hamburg,
ermany). The following antibodies were used for Western blot-
ing: rabbit anti-KIF21B (1:2000; Millipore, Schwalbach, Germany)
r rabbit anti-KIF21B (1:1000; Sigma, Taufkirchen, Germany),
oat anti-GABAAR 2 (1:1000; Abcam, Cambridge, UK), rabbit
nti-GABARAP (1:1000; Proteintech, Manchester, UK), mouse
nti-GABAAR ß2/3 (1:1000, Millipore, Schwalbach, Germany),
abbit anti-GABAAR 1 (1:1000, Millipore, Schwalbach, Germany),
abbit anti-GABAAR 2 (1:1000, Millipore, Schwalbach, Germany),
eroxidase-conjugated donkey anti-rabbit (1:5000–1:15,000;
ianova, Hamburg, Germany), peroxidase-conjugated donkey
nti-goat (1:5000–1:15,000; Dianova, Hamburg, Germany). The
ollowing antibodies were used for immunocytochemistry: rabbit
nti-Gephyrin (1:2000; Millipore, Schwalbach, Germany), mouse
nti-MAP2A/B (1:2000, Sigma Aldrich, Taufkirchen, Germany),
uinea pig anti-GABAAR 2 speciﬁc for an extracellular epi-
ope (1:100, Synaptic Systems, Göttingen, Germany), mouse
nti-SV2 (1:100, Developmental Studies Hybridoma Bank, Uni-
ersity of Iowa), guinea pig synaptophysin (Synaptic Systems,
öttingen, Germany), mouse anti-KHC/KIF5 clone H2 (1:1000,
illipore, Darmstadt, Germany), rabbit anti-KIF21B (1:100,
igma, Taufkirchen, Germany), Cy3- or Cy5-conjugated donkey
nti-guinea pig, donkey anti-mouse or donkey anti-rabbit (all
:500; Dianova, Hamburg, Germany), Alexa488 conjugated goat
nti-mouse (1:500; Dianova, Hamburg).
ell culture and transfection
Primary cultures of hippocampal neurons were prepared from
ice (E16) as described (Fuhrmann et al., 2002; Lappe-Siefke et al.,
009) with the following modiﬁcations: 12 mm coverslips were
oated with poly-l-lysine (5 g/ml in PBS) and then seeded with
0,000 cells/coverslip. Neurons were transfected between DIV9
nd DIV11 using a calcium phosphate precipitation protocol. Per
2 mm coverslip 2 g of DNA in 25 l of 250 mM CaCl2 were
ixed with 25 l of 2 × HBS (42 mM HEPES, 10 mM KCl, 12 mM
extrose, 274 mM NaCl, 1.5 mM Na2PO4; pH 7.05). After 15 min
ncubation at RT, the mixture was added to the culture medium.
he precipitate was carefully removed after 1 h and replaced by
00 l of conditioned medium and 400 l of fresh Lonza PNGM
edium for embryonic cultures. To induce shRNA-mediated gene
nockdown, mouse neurons were transfected at DIV10 with either
SUPER.neo + GFP-KIF21B-shRNA or pSUPER.neo + GFP-scrambled-
hRNA and ﬁxed at DIV14.
hRNA constructs
For shRNA-mediated knockdown of KIF21B gene expression in
IV14 cultured hippocampal neurons the pSUPER.neo + GFP-vector
Oligoengine, Seattle, WA)  was used. The following oligonu-
leotides were used for cloning:
KIF21B-shRNA:sense: gatccccCCACGATGACTTCAAGTTCttcaagagaGAACTTGAAGT-
CATCGTGGttttta.
antisense: agcttaaaaaCCACGATGACTTCAAGTTCtctcttgaa-
GAACTTGAAGTCATCGTGGggg.Cell Biology 93 (2014) 338–346 339
scrambled-shRNA:
sense: gatccccGCGCGCTTTGTAGGATTCGttcaagagaCGAATCCTA-
CAAAGCGCGCttttta.
antisense: agcttaaaaaGCGCGCTTTGTAGGATTCGtctcttgaaCGAATC-
CTACAAAGCGCGCggg.
Immunohistochemistry
Adult mice were perfused, and 14 m sections stained for
GABAAR 2 and KIF21B. Before staining, we performed antigen
retrieval with citric acid pH 8 (Brzica et al., 2009). Brieﬂy, sections
were microwave heated 4 × 5 min  in citrate buffer pH 8. After cool
down and rinsing in PBS sections were incubated for 15 min in 0.5%
Triton-X-100, 30 min  in 2% Triton-X-100 and then washed with PBS.
Primary antibodies were added over night at 4 ◦C. After washing
secondary antibody was  added for 2 h RT.
Immunocytochemistry
Cultured hippocampal neurons were ﬁxed in 4% PFA/4% sucrose
in PBS (12 min), washed in PBS and permeabilized with 0.25%
Triton-X-100 in PBS (4 min). After blocking with 1% (w/v) bovine
serum albumin in PBS (60 min) cells were incubated with primary
antibodies at 4 ◦C overnight, washed in PBS and incubated with sec-
ondary antibodies for 1 h at RT. Antibodies were diluted in 1% (w/v)
bovine serum albumin in PBS. Cells were again washed in PBS and
mounted in Aqua Poly Mount (Polysciences, Warrington, PA). For
live surface staining of the GABAAR 2 the antibody was  diluted
in HEPES buffer (10 mM Hepes pH = 7.4, 135 mM NaCl, 5 mM KCl,
2 mM CaCl2, 2 mM MgCl2, 15 mM Glucose). The media was  removed
and the antibody added to the cells for 15 min at 4 ◦C. The cells were
subsequently washed with cold PBS and ﬁxed in 4% PFA/4% sucrose
in PBS (12 min).
Coimmunoprecipitation
All steps were carried out at 4 ◦C. 30 l “Dynabeads Protein G”
for anti-KIF21B rabbit or “Dynabeads Protein A” for anti-GABAAR 2
guinea pig (Life Technologies, Darmstadt, Germany) were washed
in IP-buffer (50 mM  Tris (pH 7.5), 150 mM NaCl, 5 mM MgCl2) and
incubated for 2 h with 5 g speciﬁc antibody or control IgG. After
washing with IM-Ac-buffer (20 mM HEPES, 100 mM  K-Acetate,
40 mM KCl, 5 mM EGTA, 5 mM  MgCl2; pH 7.2) antibody-coupled
beads were incubated over night with P10 rat brain lysates that had
been pretreated with 1% Triton-X-100. Beads were then extensively
washed with modiﬁed RIPA-buffer (50 mM Tris (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 1% (v/v) NP40, 0.25% (w/v) sodiumdeoxycholate,
0.5% (v/v) Triton-X-100), boiled in SDS sample buffer and analyzed
by western blotting.
Differential centrifugation
Brain lysates were obtained by differential centrifugation from
whole rat brains (postnatal day 10) as described in Saito et al.
(1997). For coimmunoprecipitation P3 (100,000 × g) pellets were
resuspended in IM-Ac-buffer (supplemented with 1× Complete
Protease Inhibitor Cocktail (Roche, Mannheim, Germany), 1 mM
PMSF, 5 mM DTT and 2 mM MgATP). Prior to antibody-coupling P3
suspensions were incubated with 1% Triton-X-100 for 1 h and pre-
cleared with uncoupled Dynabeads. Each Co-IP was done 3× with
independent protein extracts from each direction.
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Fig. 1. KIF21B and GABAAR 2 colocalize in neurons. (A, B) Co-immunostaining of DIV20 cultured hippocampal neurons with anti-KIF21B (red channel), anti-GABAAR 2
(green  channel) and anti-MAP2 (blue channel). GABAAR 2 subunit-containing receptors display enrichment at the plasma membrane and are detected at punctate positions
along  soma and dendrites. KIF21B and GABAAR 2 signals colocalize at individual positions (yellow, merged view and white arrowheads). Boxed regions are shown at higher
magniﬁcation. (C) Co-immunostaining of cryosections of the hippocampal CA1 region derived from adult brain with anti-KIF21B (red channel), anti-GABAAR 2 (green
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his  ﬁgure legend, the reader is referred to the web version of this article).
mage processing and statistical analysis of data acquired by
estern blotting and immunoﬂuorescence
Western blot signals were acquired as TIFF-ﬁles using the
CD-camera-based imaging system “Intas ChemoCam” (Intas,
öttingen, Germany). Statistical analysis was performed with
icrosoft Excel. The Student’s t-test was used to assess statisti-
al signiﬁcance: * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001. All values
rom quantitative data are reported as mean ± standard error of the
ean (SEM) from n independent experiments. Error bars represent
he SEM. Fluorescence imaging was carried out with an upright
lympus FluoView FV1000 (Olympus, Hamburg, Germany) laser
canning confocal microscope using 63× objective and sequential
hannel recording mode. Confocal images from multiple individual
ells used for statistical analysis were obtained as overlay TIFF-ﬁles
sing identical photomultiplier values throughout each experi-
ent. Experiments were at least replicated three times. Images
ere further analyzed using Image J, version 1.42q (Nationalin tissue slices. Scale bars: 10 m. (For interpretation of the references to colour in
Institutes of Health, Bethesda, MD). To quantify the amount of 2
subunit-containing GABAA in the soma and the dendrites mean
gray values were measured not including the area of the nucleus. 2
subunit-containing GABAA particles were counted using the “par-
ticle count” function. The area of the dendrite was measured and
the number of particles calculated as n/m2. The scrambled con-
trol was always set to 100%. Particle size was  measured manually
using ImageJ. Identical threshold levels were applied throughout
an experiment. Statistical analysis was performed with Microsoft
Excel.
Results
KIF21B and GABAAR 2 co-localize in neuronsUsing hippocampal neurons cultured for 20 days in vitro
(DIV20), we  analyzed the subcellular localization of endogenous
KIF21B motor proteins (red channel) and the endogenous GABAAR
D. Labonté et al. / European Journal of Cell Biology 93 (2014) 338–346 341
Fig. 2. KIF21B and GABAAR 2 primarily colocalize at non-synaptic sites. (A, B) Co-immunostaining of DIV20 cultured hippocampal neurons with anti-GABAAR 2 (green
channel), anti-KIF21B (red channel) and anti-SV2 (presynaptic marker, blue channel). Most KIF21B and GABAAR 2 signals co-localize at non-synaptic sites that are negative for
the  presynaptic marker SV2 (white arrows), representing putative intracellular transport complexes. In addition, very few KIF21B positive puncta localize close to presynaptic
terminals (white arrowheads). Boxed regions are shown at higher magniﬁcation, below. Scale bars: 10 m.  (C, D) Co-immunostaining of DIV20 cultured hippocampal neurons
with  anti-Gephyrin (green channel), anti-KIF21B (red channel) and anti-Synaptophysin (blue channel). Gephyrin and KIF21B rarely colocalize (<7%, white arrowhead).
Colocalization of all three signals is in the range of background noise. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version  of this article).
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p2 subunit (green channel). KIF21B-speciﬁc antibodies labeled spe-
iﬁc immunoreactive puncta throughout the neurons (Fig. 1A, left).
ABAAR 2 subunit staining exhibited a typical and prominent
embrane localization of the receptors in neuronal somata and
etected receptor clusters across the neurites (Brunig et al., 2002)
Fig. 1A, middle), many of which showed distinct colocalization
ith the kinesin (Fig. 1A, right).
Triple-immunostaining of KIF21B (red), GABAAR 2 (green) and
he dendrite marker MAP2 (blue), revealed that 29.6 ± 6.2% of
he KIF21B puncta colocalize with GABAAR 2 in MAP2-positive
endrites (n = 18 neurons), while 56.0 ± 10.1% colocalize in neu-
onal somata (Fig. 1B).
Consistent with the data from cultured neurons, immunostain-
ng of brain sections from adult mice conﬁrmed a prominent
olocalization of KIF21B (red) and GABAAR 2 (green) in the den-
ritic regions of the hippocampal area CA1 (Fig. 1C, merged image).
Our data suggest that the motor proteins either locate close to
ABAergic synapses or may  be components of intracellular trans-
ort complexes that contain vesicular GABAARs.KIF21B and GABAAR 2 interact primarily at non-synaptic sites
To assess whether receptor–motor interactions mainly occur
at synaptic or non-synaptic sites, we performed triple immuno-
staining with antibodies speciﬁc for GABAAR 2 (green), KIF21B
(red) and the presynaptic vesicle marker SV2 (blue). 28.0 ± 5.4%
(n = 14 neurons) of the non-synaptic (SV2-negative) GABAAR 2
signals colocalized with KIF21B (Fig. 2A, arrows and Fig. 2B). In con-
trast, only 10.6 + 2.1% (n = 14 neurons) of the synaptic (SV2-positive)
GABAAR 2 signals overlapped with KIF21B (Fig. 2A, arrowheads
and Fig. 2B), suggesting that the majority of receptor-motor asso-
ciations occur outside of axo-dendritic contacts.
Also, triple immunostaining against the postsynaptic marker
gephyrin (green), KIF21B (red) and the presynaptic protein synap-
tophysin (blue) conﬁrmed this view. Whereas 6.8 ± 1.4% (n = 37
neurites) of the non-synaptic (synaptophysin-negative) gephyrin
puncta colocalized with KIF21B, only 1.1 ± 0.8% (n = 37 neurites)
of the synaptic (synaptophysin-positive) gephyrin puncta colocal-
ized with the motor. We  therefore conclude that KIF21B motors are
342 D. Labonté et al. / European Journal of Cell Biology 93 (2014) 338–346
Fig. 3. Co-immunoprecipitation of KIF21B and GABAAR 2. (A, B) Co-
immunoprecipitation of KIF21B and GABAAR 2 using vesicle-enriched rat
brain lysate. P3 extracts (100,000 × g) were generated to enrich intracellular
vesicles. (A) Anti-GABAAR 2 was used for co-immunoprecipitation. Anti-GABAAR
2  precipitates GABAAR 2 and co-precipitates KIF21B. The use of unspeciﬁc
IgG served as a control. (B) Anti-KIF21B was used for co-immunoprecipitation.
Anti-KIF21B precipitates KIF21B and co-precipitates GABAAR-2, GABAAR 2/3,
GABAAR 1, GABAAR 2 and GABA-A receptor-associated protein (GABARAP). The
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Fig. 4. A short hairpin RNA reduces KIF21B gene expression. (A) Cultured hip-
pocampal neurons were transfected with pSUPER.neo + GFP-KIF21B-shRNA or
pSUPER.neo + GFP-scrambled-shRNA, respectively (green channel), followed by
immunostaining with anti-KIF21B (red channel), and anti-KIF5 (control, blue chan-
nel).  Knockdown efﬁciency was  assessed by quantiﬁcation of ﬂuorescence intensity
of  neuronal somata (white dashed lines). (B, C) The shRNA against KIF21B (right col-
umn) reduces the signal intensity of KIF21B (red channel, middle, right), but not the
signal intensity of KIF5 (blue channel, bottom, right). Scrambled shRNA was  used as
a  control (left column)(n = 12; 3 independent experiments). (B) shRNA scrambled
100%; shRNA KIF5 131.7+/-25.3%. (C) The shRNA against KIF21B did not alter the
signal intensity of the KIF5 motor (control). The Student’s t-test was used for statis-
tical analysis (** p < 0.01). Error bars represent the standard error of the mean (SEM).
Scale bar: 10 m.  (D) The morphology of all transfected neurons under both condi-se of unspeciﬁc IgG served as a control. n = 3 independent experiments.
arely found at inhibitory synapses, suggesting that they instead
ssociate with vesicular GABAARs in transit.
To investigate whether GABAAR 2-containing receptors
hysically interact with putative KIF21B motor protein com-
lexes derived from cytosolic fractions, we applied differential
entrifugation to separate vesicles from whole cells for co-
mmunoprecipitation analysis. Rat brain lysates were enriched
or intracellular vesicles (P3, 100,000 × g) (Heisler et al., 2011;
aito et al., 1997). KIF21B and GABAAR 2 were present in these
esicular fractions (Fig. 3). GABAAR 2-speciﬁc antibodies pre-
ipitated the GABAAR 2 subunit from P3 lysate and notably led
o co-precipitation of the motor protein KIF21B (Fig. 3A, right
ane). Vice versa, KIF21B-speciﬁc antibodies precipitated the motor
rotein and led to co-precipitation of the GABAAR 2 receptor sub-
nit (Fig. 3B, upper lanes). Also other GABAAR subunits (GABAAR
2/3, GABAAR 1, GABAAR 2) as well as the GABAA receptor-
ssociated protein (GABARAP), known as a cytoskeleton-associated
eceptor trafﬁcking factor (Leil et al., 2004; Wang et al., 1999), co-
recipitated with KIF21B (Fig. 3B). These data demonstrate that
IF21B motors interact with GABAARs consisting of different sub-
nits. They suggest that the neurotransmitter receptors indirectly
ssociate with the microtubule motor and that other trafﬁcking
actors are involved in this cytosolic protein complex.tions remains unaffected. Scale bar: 20 m. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Knockdown of KIF21B gene expression reduces GABAAR 2 cell
surface expression
We  therefore asked, whether interference with the gene expres-
sion of KIF21B motor proteins would affect the delivery of GABAARs
to the neuronal cell surface. Different small-hairpin RNA (shRNA)
target sequences were tested cultured hippocampal neurons, for
their ability to reduce KIF21B protein levels. The presence of shRNA
was detected by EGFP co-expression (Fig. 4A, green channel). Quan-
titative assessment of KIF21B ﬂuorescence signal intensity (red
channel), using the Metamorph software, identiﬁed a sequence
that caused an about 50% reduction of KIF21B gene expression,
compared to a scrambled control (KIF21B shRNA: n = 21 neurons;
scrambled shRNA control: n = 23 neurons, 3 independent experi-
ments) (Fig. 4A, middle, right and Fig. 4B). This effect was speciﬁc,
since ﬂuorescence signal intensities of the neuronal kinesin motor
protein KIF5 (blue channel, control), known to transport different
synaptic proteins (Maas et al., 2009; Nakajima et al., 2012; Setou
et al., 2002; Twelvetrees et al., 2010), remained unaffected (Fig. 4A,
bottom and Fig. 4C). Control experiments also conﬁrmed that none
D. Labonté et al. / European Journal of Cell Biology 93 (2014) 338–346 343
Fig. 5. Knockdown of KIF21B gene expression reduces the cell surface expression of 2 subunit-containing GABAARs in neurons. Live cell staining with an antibody against
an  extracellular epitope of GABAAR 2. Anti-GABAAR 2 was added to living hippocampal neurons in culture. (A, B) The presence of shRNA is assessed by EGFP ﬂuorescence
(green channel) encoded by the pSUPER vector. Knockdown of KIF21B gene expression (A, red channel), but not the use of the scrambled control (B, red channel) decreases
the  number of GABAAR 2 particles at the cell surface. Boxed regions are shown at higher magniﬁcation, below. Scale bars: overview 20 m,  magniﬁed Image 10 m. (C)
Total  amounts of GABAAR 2 in the soma. (D) Total amounts of GABAAR 2 in the neurites. (E) Quantiﬁcation of A and B. GABAAR 2 particle number at the cell surface.
(F)  Total number of presynaptic terminals detected by the presynaptic marker SV2. shRNA-mediated knockdown of KIF21B gene expression does not alter the number of
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f the shRNAs used, altered the overall morphology of the trans-
ected neurons (Fig. 4D).
To examine a role of KIF21B in GABAAR delivery, we  analyzed
ABAAR 2 levels at three different subcellular localizations, (i)
n the neuronal somata, (ii) in the neurite processes and (iii) at
he cell surface. Quantitative analysis of KIF21B knockdown versus
ontrol conditions, revealed equal GABAAR 2 levels in the cell
odies (scrambled control: set to 100%; shRNA KIF21B: 84.6 ± 5.7,
 = 39 neurons, Fig. 5C), indicating that shRNA treatment against
he KIF21B mRNA did in general not affect receptor subunit genelour in this ﬁgure legend, the reader is referred to the web version of this article.)
expression. Consistent with the putative role of KIF21B in GABAAR
transport along microtubules, we however observed a signiﬁcant
reduction of GABAAR 2 particles in the neurites of hippocampal
neurons treated with shRNA against KIF21B (scrambled control:
set to 100%; shRNA KIF21B: 78.3 ± 4.7, p = 0.009, n = 59 neurites,
Fig. 5D). This reduction in receptor delivery was  even more obvi-
ous, when analyzing GABAAR 2 particles at the plasma membrane,
using an antibody against an extracellular receptor epitope in a
live cell staining experiment. Here, GABAAR 2 surface immuno-
staining appeared to be signiﬁcantly decreased upon knockdown
344 D. Labonté et al. / European Journal of Cell Biology 93 (2014) 338–346
Fig. 6. Knockdown of KIF21B gene expression reduces GABAAR 2 cluster size primarily at the extrasynaptic cell surface. Quantitative analysis of plasma membrane GABAAR
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t2  cluster size upon knockdown of KIF21B gene expression. (A) At synaptic cell sur
f the KIF21B motor protein in the absence of detergent and ﬁxa-
ive (Fig. 5A and B, red channel). Notably, only 49.3 ± 7.2% (n = 44
eurites, p = 0.0004) of the receptors reached the plasma mem-
rane when KIF21B was reduced, as compared to control conditions
scrambled control: set to 100%; Fig. 5E), indicating an important
ole of this motor to power the peripheral targeting of GABAARs.
A control analysis conﬁrmed that this result was due to a speciﬁc
eduction of surface receptors, however not caused by a reduc-
ion of synapses in general. Actually, the number of signals speciﬁc
or the presynaptic vesicle protein SV2, remained equal across the
xperimental conditions (scrambled control: set to 100%, n = 55
eurites; shRNA KIF21B: 94.5 ± 8.0%, n = 96 neurites) (Fig. 5F).
nockdown of KIF21B gene expression reduces GABAAR 2 cluster
ize primarily at the extrasynaptic cell surface
Due to the compaction of protein networks at postsynaptic
ensities, receptor exocytosis is thought to occur at extrasynap-
ic membrane positions and neurotransmitter receptors have been
hown to enter synapses by lateral plasma membrane diffusion
Kneussel et al., 2014; Triller and Choquet, 2005).
Based on our observation that KIF21B gene expression knock-
own reduces GABAARs at the cell surface (Fig. 5A, B and E), we
imed to analyze receptor clusters at synaptic versus extrasynaptic
lasma membrane positions. We  therefore quantiﬁed GABAAR 2
luster sizes that were apposed or not apposed to the presynap-
ic vesicle marker SV2. Interestingly, the size of the extrasynaptic
ABAAR 2 clusters was signiﬁcantly smaller after KIF21B gene
xpression knockdown with shRNA (Fig. 6B, 63.3 ± 6.3% n = 16 neu-
ons, p = 0.022), as compared to scrambled controls. In contrast,
he size of the synaptically located GABAAR 2 particles (appos-
ng the presynaptic marker SV2) remained unchanged (Fig. 6A,
15.66 ± 16.18%, n = 17 neurons, p = 0.361).
These data conﬁrm a critical role of KIF21B motors in GABAAR
ell surface delivery. They further suggest that the extrasynaptic
urface receptor pool, which is thought to supply synapses via lat-
ral receptor membrane diffusion (Kneussel et al., 2014; Triller and
hoquet, 2005), mediates a buffering function by compensating for
educed GABAAR delivery, without affecting receptor numbers at
he synapse.iscussion
The data in this study identify colocalization of GABAARs with
he kinesin KIF21B in cultured neurons and neuronal slices of thepposed to SV2). (B) At extrasynaptic cell surface (not apposed to SV2).
hippocampal CA1 area. They show that both proteins co-precipitate
each other from vesicular brain fractions and that the GABAAR traf-
ﬁcking factor GABARAP is involved in the complex. Reduction of
KIF21B gene expression by about 50% decreases the cell surface lev-
els of 2 subunit-containing GABAARs, in particular at extrasynap-
tic sites. Our data have been collected at postnatal stages when the
developmental GABAAR switch is completed and GABAARs mediate
inhibitory transmission (Ganguly et al., 2001; Tyzio et al., 2007).
KIF21B has been shown to be highly enriched in neuronal
dendrites (Marszalek et al., 1999) and is a processive microtubule-
dependent motor protein that undergoes functional regulation
through TRIM3 (for: tripartite-motif containing 3), an E3 ligase
involved in a variety of cellular processes (Labonte et al., 2013).
Genetic knockout of TRIM3 in mice reduces the motility of the
motor KIF21B, suggesting that TRIM3 regulates KIF21B motor
function. Notably, a former study had shown that the depletion of
TRIM3 (also known as BERP) causes a decrease in the amplitude
of GABAAR-mediated miniature inhibitory postsynaptic currents
(mIPSCs), as well as reduced surface protein expression of GABAARs
containing the 2-subunit (Cheung et al., 2010). Loss of TRIM3
expression thus affects KIF21B motility (Labonte et al., 2013),
GABAAR surface expression and mIPSCs (Cheung et al., 2010). Our
data support and extend these former observations, by connect-
ing the KIF21B motor with 2-containing GABAARs. Decreased
GABAergic transmission in Trim3 knockout mice might therefore
partly depend on the fact that KIF21B motor function requires
TRIM3, to power post-Golgi transport of GABAARs towards the
plasma membrane. Consistent with this view, electron microscopy
analysis detected TRIM3 at the Golgi compartment and at putative
transport vesicles, close to the cell surface of hippocampal neurons
(Labonte et al., 2013). In addition, KIF21B-TRIM3 assemblies are
candidate factors to interact with the CART complex (Yan et al.,
2005). In this respect, they might further contribute to GABAAR
recycling from endosomal compartments, possibly in cooperation
with actin-mediated myosin transport (Kneussel and Wagner,
2013).
KIF5 is another neuronal kinesin that transports GABAARs
towards the cell surface along microtubules (Nakajima et al.,
2012; Twelvetrees et al., 2010). In this transport complex the
huntingtin associated protein HAP1 links the motor with the recep-
tor. Motor-cargo binding in this complex can be disrupted by a
polyglutamine expansion in huntingtin, a protein involved in Hunt-
ington’s disease that regulates the direction of cargo transport
(Colin et al., 2008). Twelvetrees and colleagues showed that dis-
rupting the HAP1-KIF5 complex reduces the cluster area of GABAAR
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2-containing receptors at the synapse and decreases the ampli-
ude of inhibitory postsynaptic currents. KIF5 and KIF21B may
herefore be alternative motor proteins to power the cell surface
elivery of GABAARs along microtubules. Whether HAP1 is involved
n KIF21B-GABAAR delivery, is presently unknown. However, since
argo adaptors typically mediate speciﬁcity of motor-cargo binding
Kneussel et al., 2014), it is unlikely to ﬁnd HAP1 as a connecting
rotein in both complexes. Our data in contrast identify the traf-
cking factor GABARAP in the KIF21B-GABAAR complex. GABARAP
s part of a larger family of closely related trafﬁcking factors that
ontain GABARAP-like proteins, GATE16 and LC3 (Mansuy-Schlick
t al., 2006) some of which are widely expressed and participate in
utophagy. GABARAP interacts with GABAAR 2 and is suggested to
articipate in NSF-mediated receptor trafﬁcking (Leil et al., 2004;
ang et al., 1999).
With respect to synaptic transport, several motor complexes
ave been described (Kneussel et al., 2014) and individual proteins
re known to travel by alternative motors. For instance N-Cadherin
onnects to both KIF3 (Teng et al., 2005) and KIF5 (Heisler et al.,
014). Whether alternative motors mediate alternative processes
s currently barely understood. It may  for instance be possible that
ABAARs apply different motors to travel into axons versus den-
rites or apply additional motors under high frequency stimulation,
s compared to basal activity. Depending on the various GABAAR
ubunits combinations in functional receptors (Jacob et al., 2008),
ifferent GABAARs may  also apply different kinesins to reach indi-
idual subcellular destinations in a complex neuron.
Similar as other kinesins, KIF21B is likely to power microtubule
ransport of various cellular cargoes other than GABAARs. The
otor KIF5 transports mitochondria, mRNA granules, the amyloid
recursor protein APP (Hirokawa et al., 2010), as well as different
eurotransmitter receptors such as the AMPA receptor (Setou et al.,
002), the glycine receptor (Maas et al., 2009) and the GABAAR
Nakajima et al., 2012; Twelvetrees et al., 2010). In each trans-
ort complex, different cargo adaptors connect motor and cargo,
hereby providing transport speciﬁcity and cargo identity. In this
espect it will be interesting to identify additional KIF21B binding
roteins.
The KIF21B gene has been reported to be a susceptibility locus
or multiple sclerosis (2010; Goris et al., 2010). Notably, inﬂam-
ation in multiple sclerosis inhibits GABAergic transmission in
eurons (Rossi et al., 2012) and speciﬁc immune cells also synthe-
ize and release the neurotransmitter -aminobutyric acid (GABA)
Jin et al., 2013). Whether and how KIF21B participates in neuronal
r immune disease is currently unclear. The current data provide
 starting point to ask future questions about the subcellular func-
ions of the motor KIF21B with its restricted expression in brain,
ye and spleen.
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